Abstract. Stand age plays a significant role in forest ecosystems nutrient cycling. Unfortunately, less attention was accorded to the changes in dissolved organic matter (DOM) in soil layers of mono-stand plantations. A field soil sampling experiment was conducted to examine the effects of forest age and soil depth on concentrations and distribution patterns of dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) in a chronosequence of 11 stands of Masson pine (Pinus massoniana) plantations. The soil total organic carbon (TOC) and soil total nitrogen (TN) were also investigated. Concentrations of DOC and DON varied with stand age and decreased significantly (P < 0.05) with depth from 503.9 to 337.1 mg/kg and from 67.9 to 45.0 mg/kg, respectively, between the 0-to 30-and 30-to 60-cm soil layers. Dissolved organic carbon and DON were significantly correlated, the ratios of DOC to TOC and DON to TN increased significantly from 0.11 to 0.20 and 0.16 to 0.39 in the upper to the lower soil layer, whereas the TOC/TN ratio decreased significantly with stand age. Our results suggest that (1) soil C/N ratios decrease with stand age, (2) DOM concentration decreases with depth, (3) soil pH and moisture content affect DOM concentrations, and (4) DOM concentrations are influenced by export of organic matter from litter and the forest floor surface.
INTRODUCTION
Dissolved organic matter (DOM) plays a key role in the transportation, mineralization, and stabilization of organic matter (Lars et al. 2010) , controlling soil formation (Petersen 1976 , Dawson et al. 1978 , and participates in mineral weathering (Raulund et al. 1998) . Dissolved organic matter components (dissolved organic carbon [DOC] and dissolved organic nitrogen [DON] ) were reported to be mobile with the soil solution and are thus considered to play a major role in soil biogeochemical cycles (Kalbitz et al. 2000) . The DOC present in terrestrial ecosystem is not only able to hydrologically transport carbon from the forest floor to the mineral soil (Kolka et al. 2008) but is a significant source of organic carbon in the mineral soil (Neff et al. 2003) and an important C flux in the global C cycle (Hope et al. 1994 , Siemens 2003 . Soil DOC also represents a readily available substrate for microorganisms containing a mineralizable proportion of up to 95% (Don and Kalbitze 2005) .
Research revealed that DON might be the dominant N fraction in many forest ecosystems (Sollins and McCorison 1981, Andersson and Berggren 2005) . The DON is not only a single compound but also an operational definition for a structurally complex mixture of materials ranging from simple compounds that are readily used by plants and microbes to polyphenols or tannins that are not easily metabolized (Smolander and Kitunen 2002) . According to Clarke et al. (2007) , DOC varies with stand age, soil depth, and sampling time. However, inadequate information does exist on the concentration and distribution patterns of DOM with stand ages and soil depth in mono-stand coniferous forests. Therefore, knowledge on the concentrations and distribution patterns of soil DOC and DON with stand ages and soil depth is very important in understanding the biogeochemical processes taking place in a particular forest.
Considering that, the largest ecosystem internal flux of DOC occurs as percolate from the forest floor (Zech et al. 1996, Michalzik and Matzner 1999) and the largest DON fluxes and concentrations in throughfall and in the surface layers of soil (Michalzik et al. 2001) . As a result, the rate of litter incorporation in the forest floor and its rate of degradation into products with varying degrees of humification may ultimately determine the rate of DOM production (Kalbitz et al. 2000) and thus its concentration and distribution in a forest ecosystem since the natural differences in inputs and transformations of C are likely to occur in stands of different ages due to differences in inputs of above-and belowground litter (Clarke et al. 2007) .
We hypothesized that (1) the export of DOC and DON to the forest mineral soils will be affected by stand ages due to the different rates of organic materials input into the forest floor of the different sampled stands. (2) The highest concentrations of DOC and DON will be stored in the upper mineral soil layer due to the occurrence of most natural biological processes on the soil surface of a particular forest ecosystem. Our objectives were to (1) estimate the concentrations of DOC and DON in the masson pine plantations, (2) determine the relationship between DOM and soil organic C and N, and (3) find out the factors affecting DOC and DON concentrations and their distribution patterns in this chronosequence of masson pine plantations.
MATERIALS AND METHODS

Site description
The study was carried out in Gao County, Sichuan Province (28°34 0 -28°36 0 N, 104°32 0 -104°34 0 E, 453 m a.s.l). The climate of the area is subtropical, sub-humid monsoon with an annual total mean rainfall of 1021 mm. The mean annual temperature is 18.1°C with the lowest and highest temperatures of 7.8°and 36.8°C during the months of January and July, respectively. The soil type existing in the study area is predominantly yellow earth (Mich eli et al. 2006) . The study site is a planted forest dominated by masson pine; it has an afforestation history of over 500 years (Justine et al. 2015) . The forest is comprised of the tree, shrub, and herb layers. The dominant over-story vegetation of the tree layer in all stand ages was the Pinus massoniana; the shrub layer includes Rubus pirifolius, Viburnum setigerum, Myrsine Africana; and the herb layer includes grasses such as Pteridium aquilinum, Dicranopteris dichotoma, Setaria plicata. Detailed characteristics of the study plantations are shown in Appendix S1: Table S1 .
Experimental design
Eleven stands in a chronosequence (1, 3, 5, 7, 9, 12, 15, 19, 29, 35 , and 42 yr) of masson pine plantations were selected for soil sampling. In each stand, 100 9 100 m 2 main plot was established and three sampling plots of 20 9 20 m 2 were further laid out in each main plot during the late winter season of 2014. Three sub-plots of 1 9 1 m 2 were selected from each sampling plot across the different masson pine plantations. Soil samples of 1.0 kg were collected at different soil layers in the center of the sub-plot at the depth of 0À30 and 30À60 cm (Justine et al. 2015) . The sampling points were taken at a 1 m distant from tree stems and animal holes; disturbances like wind-thrown trees and trails were avoided (IPCC 2003) . Soil core samplers (100 cm 3 ) were further used for collecting sub-samples for the determination of soil bulky density as described by Justine et al. (2015) . The soil bulky density and moisture content of the sampled soil layers were determined gravimetrically according to the methods developed by Lal and Shukla (2004) .
Soil preparation and experimental analysis
The field-moist soil samples were sieved through a 0.25-mm sieve with fine roots and large debris removed; the samples were then separated into two sub-samples: air-dried and oven-dried soil samples. The air-dried samples were finely ground and passed through (<150 lm) a sieve and stored at room temperature prior to analysis of soil chemical properties and dissolved organic and inorganic variables. Total organic carbon (TOC) concentration was determined by the rapid dichromate oxidation-ferrous sulfate titration method from Walkley and Black (Nelson and Sommers 1996) , and total nitrogen (TN) was determined by the semi-micro-Kjeldahl distillation method (Bremner and Mulvaney 1982) . Ammonium (NH 4 + -N) and nitrate (NO 3 À -N) were measured by the indophenol-blue colorimetry and phenol disulfonic acid colorimetry (Lu 1999) .
Dissolved organic carbon and total dissolved N (TDN) were extracted by the method of Jones and Willett (2006) , in which 2 g of air-dried soil sample was extracted with 40 mL ultra-pure water in a centrifuge tubes by shaking the mixture for 30 min on a reciprocal shaker, and then centrifuging it at 9000 revolutions per minute (r/m) for 20 min at 4°C. The supernatant was filtered through a 0.45-mm glass fiber filter. The C (DOC) was extracted using the Multi N/C 2100 Analytikjena, Th€ uringen, Germany, and N (TDN) in the extracts was determined by the semi-micro-Kjeldahl. Dissolved organic nitrogen was then calculated as: DON = TDN À (ammonium + nitrate).
Statistical analysis
Differences in soil physical properties, chemical properties, and dissolved organic variables between stand ages and soil depths within the same age were analyzed by one-way ANOVA. Tukey's honestly significant difference test (a = 0.05) was performed for means comparison. Pearson's correlation analyses were performed to test whether there were significant relationships between the measured environmental factors, soil physical, chemical, organic, and dissolved variables. In addition, paired t test was done for the paired differences in the measured soil dissolved and organic variables in the two sampled soil layers. All the analyses were performed using the Statistical Package for the Social Sciences for Windows version 16.0 (SPSS, Chicago, Illinois, USA) software package.
RESULTS
Soil physical, chemical, and organic variables
The upper soil layer of 0À30 cm had lower soil bulk densities than the lower layer of 30À60 cm depth; mean average values of 1.08 and 1.21 g/cm 3 were observed in the upper and lower soil layers, respectively. Across the chronosequence, soil moisture content increased from 18.16% to 18.63% in the upper to the lower soil layer. The soil pH of the different sampled stands decreased from 4.09 to 4.04 in the upper 0À30 cm to the lower 30À60 cm soil depth and significant differences were found within the soil pH in soil layers of the masson pine plantations (Table 1) . There were some differences in the concentrations of TOC and TN in soil layers of the sampled stands along the masson pine chronosequence ( Table 1) . The TOC and TN decreased from 4.48% to 1.95% and 0.32% to 0.14% in the upper to the lower soil layer.
Dissolved organic carbon and nitrogen
Concentrations of DOC were higher in the upper soil layers of the investigated stands ( Fig. 1a , b; Appendix S1: Table S2 ); mean average values of 503.9 and 337.1 mg/kg were recorded in the 0-to 30-and 30-to 60-cm soil layers, respectively. The average DOC concentrations ranged from 257.3 to 801.9 mg/kg and 146.5 to 590.9 mg/kg in the three-year and 12-yr stands at the 0-to 30-and 30-to 60-cm soil layers ( Fig. 1a, b ; Appendix S1: Table S2 ). This implies that there is a rapid accumulation of DOC from the third to the 12th year of the plantation development. The DOC showed greater concentrations in soil layers under the 12-yr stand compared to the other stands in this chronosequence of Pinus massoniana plantations (Appendix S1: Table S2 ). Similarly, the DON decreased from 67.9 to 45.0 mg/kg in the upper to the lower soil layers ( Fig. 1d-f ; Appendix S1: Table S2 ). There was an increase in the DON concentrations from the three-year to the seven-year stand but from the 12-yr to the 42-yr stand (Fig. 1f) ; a considerable decline was observed although a non-significant increase occurred in the 29-yr stand.
The ratios of DOC to DON, DOC to TOC, and DON to TN There was no effect of soil depth on the C/N ratio of DOC/DON; mean values of 7.51 and 7.42 were observed in the 0-to 30-and 30-to 60-cm soil layers ( Fig. 2c ; Appendix S1: Table S3 ). Average mean DOC/DON, DOC/TOC, and DON/TN values of 7.46, 0.16, and 0.30 were recorded in the whole sampled soil profile layer of 0-60 cm (Appendix S1: Table S3 ). The DOC/TOC and DON/TN ratios were higher in the lower soil layer of 30-60 cm compared to the upper layer of 0-30 cm (Fig. 2a, b) . The ratio of DOC to TOC and DON to TN showed greater values in the lower soil depth of 30-60 cm in this chronosequence of P. massoniana plantations (Appendix S1: Table S3 ).
Relationships between soil properties
There was no relationship between stand age with DOC and DON ([r = 0.046, P = 0.894] and [r = À0.287, P = 0.392; Table 2 . Dissolved organic carbon was significantly correlated with DON along the chronosequence (r = 0.726, P = 0. 011); a similar correlation was also observed between TOC and TN (r = 0.911, P = 0.000). TOC/TN was significantly negatively correlated with stand age (r = À0.750, P = 0.007), whereas an insignificant relationship was observed between stand age and DOC/TOC (r = 0.083, P = 0.808), DON/TN (r = À0.556, P = 0.075), and DOC/DON (r = 0.407, P = 0.214; Table 2 ).
DISCUSSION
The greatest concentration of DOM was stored in the 0-to 30-cm soil layer, consistent with the previous studies that DOM progressively decreases with soil depth (Moller et al. 2005, Schwendenmann and Veldkamp 2005) . Qualls et al. (2000) Notes: BD, soil bulk density; MC, soil moisture content; TOC, soil total C; TN, soil total N; and C/N, carbon-to-nitrogen ratio. The values are (means AE SD), n = 3. Different lowercase letters within each column indicate significant differences between treatments at the 0.05 level.
and Michalzik et al. (2001) reported that the surface soil is a major source of DOM since most decomposition occurs near the soil surface where the litter inputs are concentrated (Chapin et al. 2012) . The DOC concentrations varied significantly with soil depth (Table 3) , and the highest values were found in the upper 0-to 30-cm soil layer, in line with Klotzb€ ucher et al. (2014) who have noted declining DOC concentrations with soil depth in forest soils. Similarly, Qualls et al. (2000) stated that DOC concentrations are continuously decreasing from the organic layer to the sub-soil. The DON concentration followed the trend observed in the DOC by exhibiting higher values in the upper 0-to 30-cm soil layer compared to the lower 30-to 60-cm layer, which agrees with Lars et al. (2010) who have reported 64.1% and 62.8% of the DOC and DON concentrations, respectively, in the upper 0-to 30-cm soil layer in a Picea abies chronosequence on former arable land in Sweden. Chapin et al. (2012) pointed out that DON can be absorbed by microbial cells and would be incorporated directly into microbial proteins and amino acids or transformed to other organic compounds that support microbial growth and respiration. Therefore, the DON that would have been transferred to the lower soil layer is reduced because only when organic carbon and nitrogen are dissolved, they can be incorporated into microorganisms and may be immobilized (Don and Ernst 2008) . The above results supported our second hypothesis that the highest concentrations of DOC and DON will be stored in the upper mineral soil layer due to the occurrence of most natural biological processes (decomposition and biodegradation) on the soil surface of forest ecosystems.
Across the entire range of stand ages, no systematic increasing or decreasing trends were observed in DOC or DON concentrations (Table 2) . Instead, concentrations increased from the third-to the 12-yr stands, then decreased slightly from the 12-to the 42-yr stands (Fig. 1) . These findings are similar to those of Lars et al. (2010) , who reported DOM increase from a 10-yr to a 30-yr stand and a considerable decline from a 32-yr to a 65-yr stand. Lars et al. (2010) also observed that the canopy coverage will increase when a tree is young but may later tend to decline as the tree ages, likely because younger trees allocate more resources to aboveground components to meet their higher photosynthetic demands, whereas mature trees allocate more resources to underground components to meet their higher nutrient and anchorage demands (Justine et al. 2015) . As a result, in younger stands, there are higher litter fall, accumulation, decomposition, and deposition, which is the pathway for DON entry into the forest mineral soil layers (Neff et al. 2003) . These findings may explain the reduction in DOM concentrations in the mature stands, as litter input is a major source of DOM to the forest floor. Furthermore, we observed lower DOM concentrations in the 15-and 35-yr stands (Fig. 1) , which may be linked to reduced input of organic materials in those stands due to (1) low stocking density at the 15-yr stand and (2) the free accessibility of the 35-yr stand to the local community for litter collection to produce biogas for heating and lighting (Justine et al. 2015) . The above results support our first hypothesis that DOC and DON export to the forest floor mineral soils will be affected by stand ages due to the different rates of organic materials input into the forest floor (Clarke et al. 2007) .
In this study, DOC concentrations were significantly correlated with DON. Similarly, the C/N ratio of DOC/DON was significantly correlated with TOC/TN, which means that DON and TN accumulation rates increased with DOC and TOC accumulation and supports the natural theory of ecosystems self-sustainability (e.g., if ecosystems cannot capture enough N to match the increases in C storage, the terrestrial C sink will be downregulated and will not be sustained in the long term; Reich et al. 2006) . Research has shown that DOC and DON concentrations from forests are generally positively correlated (Michalzik et al. 2001 . However, the positive and negative insignificant relationship between the DOC and DON and stand age is a clear indication that the pathways for DON entry into the Note: DOC, dissolved organic carbon; DON, dissolved organic nitrogen; TOC, soil total organic C; TN, soil total nitrogen; DOC/TOC, the ratio of DOC to TOC; DON/TN, the ratio of DON to TN; DOC/DON, the ratio of DOC to DON; and TOC/TN, the ratio of TOC to TN; BD, soil bulk density; MC, soil moisture content; ALD, altitude; STD, stand density.
Ã Significant correlation at P < 0.05; ÃÃ significant correlation at P < 0.01. (Qualls and Haines 1992) . For example, the largest ecosystem internal flux of DOC occurs as percolate from the forest floor (Zech et al. 1996, Michalzik and Matzner 1999) , whereas the largest DON fluxes and concentrations in throughfall and in the surface layers of soil (Michalzik et al. 2001) . The significant correlations between the DOC/ TOC and DOC (Table 2) demonstrates that DOC concentrations are associated with TOC, whereas the significant correlations between the DON and TN with TOC and DON/TN with TOC/TN (Table 2) , supports the theory that the rate of C accumulation in soil is mainly limited by nitrogen (N) in most ecosystems (Vitousek and Howarth 1991) . Along the sampled stands in the masson pine chronosequence, the TOC/TN ratio decreased significantly with forest age (Table 2) . Similar results have been observed by Mao et al. (2010) and may suggest that the mature stands are better in nutrients recycling compared to the other stands since lower C/N ratio may indicate higher nitrogen levels and thus healthy and fertile soils. Some researchers have reported that during the first years of afforestation, the number of plant species increases (Elmarsdottir et al. 2008) and their growth requirements might be different. Therefore, it may lead to competition for nutrients especially nitrogen and its subsequent depletion in soil layers under younger compared to mature plantations, thus increasing the C/N ratio in the former than in the latter.
The DOC/TOC and DON/TN ratios were significantly higher in the lower soil layer of 30-60 cm compared to the upper layer of 0-30 cm (Fig. 2a, b) , which is related to the assumption that the DOC and DON present in a soil layer are largely produced in situ (from root and microbial turnover) rather than transported down from above (from the litter layer; Jones et al. 2008) . We further speculate that the TOC and TN are soil organic materials which are mainly concentrated in the upper soil layers, while the DOC and DON are dissolved organic variables that are available even at the lower soil depth, thus increasing the DOC/TOC and DON/TN ratios at the lower soil depth. The significant relationship between stand density and TOC/TN ratio demonstrates that plant population plays a fundamental role in influencing terrestrial ecosystem nutrients and elements cycling.
Soil pH was significantly correlated with DOC and DON (Table 2 ), in accordance with Filep et al. (2003) and Andersson and Berggren (2005) who suggested that the production and leaching of DOC is influenced by chemical factors such as pH. Guggenberger and Zech (1993) and Zech et al. (1994) reported significantly elevated DOC concentrations and fluxes at coniferous sites with high acidic inputs and lower soil pH in relation to other sites, which is in contrast with the findings of Ross and Bartlett (1996) who reported negative correlation between DOC concentrations and pH for spodosol soil solutions. Soil moisture content was significantly correlated with DON, inconsistent with the findings of Neff et al. (2003) who reported that DON enters ecosystems through precipitation and is produced during the contact of water with soils and vegetation. In contrast, Guggenberger et al. (1994) found non-significant relationship between soil moisture and DOC although some studies have reported positive correlations between DOC and water fluxes in many temperate and boreal catchments (Mertens et al. 2007 , Harrison et al. 2008 , Siemens 2003 . However, the variability reported on the relationship between DOM and soil pH and moisture content might be related to a number of factors prevailing at each particular site; for example, our experimental site is a mono-stand coniferous forest with a low soil pH of 3.9-4.8 and moisture content of 11.4-29.8%, while other sites have relatively higher incomparable soil pH and moisture content.
CONCLUSIONS
The DOM differed significantly with soil depth and stand age along the chronosequence. The surface soil layer had the highest DOM concentrations, and the DOM accumulation is reduced in soil layers under the older stands. The ratio of DOC to TOC and DON to TN increased significantly with soil depth, whereas the TOC/TN ratio decreased significantly with stand age. The stand density and dead litter collection from the forest floor by the local people for biogas production have contributed to variations in the DOM ❖ www.esajournals.orgconcentrations in this chronosequence of Pinus massoniana plantations. Stand age and soil depth are the dominant factors influencing the DOM concentrations, and the litter input is the main source of DOM to the forest floor of the P. massoniana plantations. The findings of this study suggest that (1) the upper mineral soil layer is a major reservoir of DOM in the masson pine plantations, (2) the immature stands are better in facilitating organic materials decomposition and DOM accumulation, and (3) the older stands are better in nutrients recycling and DOM export from forests floor into streams and thus global C and N cycling.
